F 1 hybrid (Nn) bell pepper cultivars. The utility of F 1 hybrids heterozygous for the N gene will depend on expression of resistance to M. incognita, especially at high temperatures. However, expression of the N gene in the heterozygous (Nn) condition has not been evaluated at any temperature. Therefore, the objectives of this study were to 1) determine expression of resistance to M. incognita conferred by the homozygous (NN) and heterozygous (Nn) conditions of the N locus at moderate and high temperatures, and 2) determine whether there are any cytoplasmic effects on expression of the N gene in F 1 bell pepper hybrids.
Materials and Methods

NEMATODE INOCULUM.
A population of M. incognita race 3, obtained from S. A. Lewis, Clemson University, Clemson, S.C. was increased on 'Rutgers' tomato (Lycopersicon esculentum Mill.) and 'Kentucky Wonder 191' pole bean (Phaseolus vulgaris L.) in a greenhouse. Egg inocula for all experiments were extracted from infected tomato and pole bean roots using the 0.5% NaOCl method (Hussey and Barker, 1973) .
PEPPER GENOTYPES. The bell pepper genotypes used in all experiments were 'Charleston Belle' (CB -NN), 'Keystone Resistant Giant' (KRG -nn) , F 1 (CB x KRG -Nn), and F 1 (KRG x CB -Nn). 'Charleston Belle' is an M. incognita-resistant, openpollinated bell pepper cultivar developed by scientists at the U.S. Vegetable Laboratory, U.S. Department of Agriculture, Agricultural Research Service . 'Charleston Belle' is homozygous for the N gene that confers resistance to M. incognita, M. arenaria (Neal) Chitwood races 1 and 2, and M. javanica (Treub) Chitwood Thies and Fery, 2000a) . 'Keystone Resistant Giant'(nn) is the susceptible recurrent parental cultivar used in the backcross breeding procedure (six backcrosses) to develop 'Charleston Belle' . 'Charleston Belle' and 'Keystone Resistant Giant' were crossed Resistance to the southern root-knot nematode (Meloidogyne incognita) in bell pepper (Capsicum annuum), is controlled by a single dominant gene designated N by Hare (1957) . Hare (1966) developed and released 'Mississippi Nemaheart', a pimiento pepper with resistance to M. incognita conditioned by the N gene. Fery et al. (1998) transferred the N gene from 'Mississippi Nemaheart' into 'Keystone Resistant Giant' and 'Yolo Wonder B' bell pepper using recurrent backcrossing procedures. The products of this breeding effort were two M. incognita-resistant open-pollinated bell pepper cultivars, Charleston Belle and Carolina Wonder, that are homozygous resistant for the N gene . demonstrated that resistance of 'Charleston Belle' and 'Carolina Wonder' was compromised at 28 and 32 °C. However, at 32 °C, the root gall severity indices were still within the resistant range, and reproduction of M. incognita in both 'Charleston Belle' and 'Carolina Wonder' was only 20% of the reproduction in their respective susceptible recurrent parents, 'Keystone Resistant Giant' and 'Yolo Wonder B'. Thus, cultivars possessing resistance conferred by the N gene should be of value to pepper producers in hot climates where M. incognita occurs.
None of the bell pepper cultivars currently available to United States growers have sufficient resistance to M. incognita . Root-knot nematode resistant cultivars such as 'Charleston Belle' or 'Carolina Wonder' that are homozygous (NN) for the N gene may be useful as parental lines for developing resistant to produce the F 1 (CB x KRG -Nn) and the reciprocal F 1 (KRG x CB -Nn) populations.
GROWTH CHAMBER EXPERIMENTS. Reactions of 'Charleston Belle', 'Keystone Resistant Giant', F 1 (CB x KRG -Nn), and F 1 (KRG x CB -Nn) to M. incognita race 3 were evaluated in separate experiments at each of three temperatures (24, 28, and 32°C ). The experimental design for each temperature experiment was a randomized complete block with 18 replications. Each replicate consisted of one plot (a pot containing a single plant) of each pepper genotype. Each temperature experiment was conducted three times, for a total of nine experiments.
Seeds of each pepper genotype were germinated in the greenhouse using plastic growing trays containing 50 individual 0.2-L cells filled with Metro-Mix 360 (The Scotts Company, Marysville, Ohio). Three weeks later, seedlings were transplanted into individual 1-L pots filled with a pasteurized medium of 2 sandy loam soil : 1 washed river sand (by volume). About 5,000 M. incognita eggs in 5 mL distilled water were pipetted around the base of each plant at transplanting. Eighteen pots of each pepper genotype were placed in a growth chamber programmed to maintain the appropriate temperature (confirmed by measurement of soil and air temperatures). A 16-h photoperiod of 258 µmol·m -2 ·s -1 (photosynthetic active radiation, 400 to 760 nm) was provided daily by fluorescent and incandescent lamps. Plants were fertilized 3 and 6 weeks after transplanting with N at 83 mg·L -1 (2% nitrate, 18% ammoniacal) from a 20N-20P-16K
water soluble fertilizer (Peter's Fertilizer, United Industries Corporation, St. Louis, Mo.). Nine weeks after inoculation, the tops were severed at the crowns (stem-root junctions) of the plants, dried at 40 °C in a forced air oven for ≈2 d, and top dry weights (DWs) recorded. The root system of each plant was removed from the soil, washed, and rated for severity of root galling and egg mass production using a scale of 1 to 5 where: 1 = 0% to 3% of the root system galled or covered with egg masses, 2 = 4% to 25%, 3 = 26% to 50%, 4 = 51% to 80%, and 5 = 81% to 100% of the root system galled or covered with egg masses . Root gall and egg mass indices > 3 were considered susceptible reactions. Then, the entire root system was weighed and fresh weights (FWs) were recorded. The fibrous roots were clipped from the tap root, cut into 1 to 2-cm pieces, and eggs were extracted from the entire sample of fibrous roots using 1.0% NaOCl (Hussey and Barker, 1973) . Eggs were counted using a stereomicroscope. Nematode reproduction was assessed by calculating a nematode reproduction factor (R) where R = P f /P i , with P i = the initial inoculum level and P f = the final egg recovery (Sasser et al., 1984) . DATA ANALYSIS. Nematode egg and reproductive indices data were log 10 (x+1) transformed to normalize the data before analysis (Noe, 1985) . Data were analyzed using the general linear models (GLM) procedure of SAS for Windows (Statistical Analysis System, Version 6.12, SAS Inst. Inc., Cary, N.C.) and means were separated using Duncan's multiple range test at P < 0.05. 
Results
The near-isogenic lines 'Charleston Belle' and 'Keystone Resistant Giant' reacted as expected. 'Charleston Belle' exhibited high resistance at 24 °C (Table 1) and resistance [as measured by gall (GI) and egg mass (EMI) indices, numbers of eggs per gram fresh root, and reproductive index (RI)] was partially lost at 28 and 32 °C (Tables 2 and 3 ). 'Keystone Resistant Giant' was susceptible at all three temperatures, but exhibited highly susceptible reactions at 28 and 32 °C. Generally, the reactions of the F 1 (CB x KRG) and F 1 (KRG x CB) hybrid populations were similar to the reaction of the root-knot resistant parent, 'Charleston Belle'. Results of combined analyses of the three tests within each temperature study (24, 28, and 32 °C) indicated a significant pepper genotype × test interaction for all variables. Results are presented in the tables for both single test and combined analyses to aid interpretation, but the discussion of results below is limited to the combined analyses.
TEST AT 24 °C. 'Charleston Belle' exhibited high resistance at 24 °C (Table 1) . For example, results of the combined analysis of all tests indicated there was no visible galling and very minimal egg mass production on roots of 'Charleston Belle', and the numbers of M. incognita eggs per gram fresh root and reproductive index for 'Charleston Belle' were both 99% lower (P < 0.05) than for 'Keystone Resistant Giant' ( Table 1) . Both of the hybrids, F 1 (CB x KRG) and F 1 (KRG x CB), exhibited high resistance to M. incognita similar to that exhibited by 'Charleston Belle'. For instance, root galling and egg mass production were undetectable for both F 1 hybrids [(GI = 1.0 and EMI = 1.0 for F 1 (CB x KRG); GI = 1.0 and EMI = 1.0 for F 1 (KRG x CB)]. Numbers of eggs per gram fresh root for both F 1 hybrids were <100 and the reproductive indices were <0.1, indicating that both F 1 hybrids were highly resistant. Root FWs of 'Charleston Belle' and F 1 (CB x KRG) were 8% and 18% heavier (P < 0.05), respectively, than root FW of 'Keystone Resistant Giant'. Likewise, top DWs of 'Charleston Belle' and F 1 (CB x KRG) were 17% and 25% heavier (P < 0.05), respectively, than the top DW of 'Keystone Resistant Giant'. At 24 °C, resistance of the F 1 (CB x KRG) and F 1 (KRG x CB) appeared to be similar to that expressed by the homozygous resistant parent 'Charleston Belle'.
TEST AT 28 °C. 'Charleston Belle' exhibited moderate resistance at 28 °C, i.e., the root gall index and egg mass index means from the combined analysis were low (GI = 1.6; EMI = 1.6) and the numbers of M. incognita eggs per gram fresh root and reproductive index were 95% and 93% less (P < 0.05), respectively, than for 'Keystone Resistant Giant' (Table 2 ). 'Keystone Resistant Giant' was highly susceptible (GI and EMI = 4.1; RI = 34.7). The F 1 (CB x KRG) and F 1 (KRG x CB) hybrids exhibited moderate resistance to M. incognita and their reactions were similar to those of 'Charleston Belle'. Root FW for 'Charleston Belle', F 1 (CB x KRG), and F 1 (KRG x CB) (average of the three genotypes) was 33% heavier (P < 0.05) than that for 'Keystone z Each plant was inoculated with ≈5000 eggs at transplanting. Results of combined analyses of the three tests indicated a significant pepper genotype × test interaction for all variables. Consequently, results are presented for both single test and combined analyses to aid interpretation. y Scale of 1 to 5, where 1 = 0% to 3% root system galled or covered with egg masses, 2 = 4% to 25%, 3 = 26% to 50%, 4 = 51% to 80%, and 5 = 81% to 100% root system galled or covered with egg masses. x RI = final egg recovery/initial inoculum level of M. incognita, 9 weeks after inoculation. Resistant Giant'. Top DWs of both F 1 hybrids were 26% heavier (P < 0.05) than that for 'Keystone Resistant Giant'. At 28 °C, expression of resistance conferred by the N gene appeared to be as effective in the heterozygous F 1 (CB x KRG) and F 1 (KRG x CB) hybrids as in the homozygous resistant parent 'Charleston Belle'.
TEST AT 32 °C. 'Charleston Belle' exhibited low resistance at 32°C; i. e., root gall index and egg mass index means from the combined analysis were intermediate (GI = 2.4; EMI = 2.5) and the number of M. incognita eggs per gram fresh root and reproductive index were 97% and 90% less (P < 0.05), respectively, than for 'Keystone Resistant Giant' (Table 3) . 'Keystone Resistant Giant' was extremely susceptible (GI = 4.8; EMI = 4.8; RI = 60.70). The F 1 (CB x KRG) and F 1 (KRG x CB) hybrids exhibited low resistance to M. incognita at 32 °C; the severity of root galling, amount of egg mass production, numbers of eggs per gram fresh root, and reproduction of M. incognita were similar to those of 'Charleston Belle'. Root FW for 'Charleston Belle', F 1 (CB x KRG), and F 1 (KRG x CB)(average of the three genotypes) was 126% heavier (P < 0.05) than for 'Keystone Resistant Giant'; also, top DW of 'Charleston Belle' and both F 1 hybrids (average of the three genotypes) was 198% heavier (P ≤ 0.05) than for 'Keystone Resistant Giant'. Differences between the F 1 hybrids and 'Charleston Belle' were not detectable for root FWs or top DWs. At 32 °C, expression of resistance in F 1 (CB x KRG) and F 1 (KRG x CB) appeared to equal that of 'Charleston Belle'.
Discussion
'Charleston Belle' exhibited high resistance at 24 °C and resistance was partially lost at 28 and 32 °C, confirming results of previous studies 2000b) . 'Keystone Resistant Giant' was susceptible at all three temperatures, but was extremely susceptible at 28 °C and 32 °C; these results were also similar to our previous studies Thies and Fery, 2000b) . Both the F 1 (CB x KRG) and F 1 (KRG x CB) exhibited high resistance to M. incognita at 24 °C, moderate resistance at 28°C
, and low resistance at 32 °C, similar in reactions to their homozygous resistant parent 'Charleston Belle'. This is the first report of expression of resistance to M. incognita in F 1 bell pepper hybrids heterozygous for the N gene at moderate and high temperatures.
Root FWs of F 1 (CB x KRG) and F 1 (KRG x CB) (mean of both genotypes) were 37% and 126% heavier than root FWs of 'Keystone Resistant Giant' at 28 °C and 32 °C, respectively. Top DWs of F 1 (CB x KRG) and F 1 (KRG x CB) (mean of both genotypes) were 26% and 200% heavier than for 'Keystone Resistant Giant'. Root FWs and top DWs of F 1 (CB x KRG) and F 1 (KRG x CB) were equal to or significantly greater than 'Charleston Belle' at both 28 and 32 °C. These data indicate that the F 1 hybrids were remarkably more tolerant to M. incognita infection at high temperatures than the susceptible 'Keystone Resistant Giant' and that these hybrids also tolerate such infection at least as well as 'Charleston Belle'.
Our results are similar to those of Abdul-Baki and Haroon (1996) who reported that root explants of tomato genotypes homozygous and heterozygous for the Mi gene that controls resistance to M. incognita were equally resistant at 28 and 31 °C, but both the homozygous and heterozygous genotypes partially lost resistance at 34 °C. Resistance of both the homozygous and heterozygous tomato genotypes broke down at 37 °C (Abdul- Baki and Haroon, 1996) . Cap et al. (1993) reported that heat stable resistance conferred by the completely dominant Mi-2 gene in a wild species of tomato [L. peruvianum (L.) Mill.] was equally effective and stable in the resistant parental plants and the F 1 heterozygous progeny at both 25 °C and 30 °C.
Resistance to M. incognita (isolate origin: Calissane, France) controlled by the single dominant Me3 gene was stable in both the parental pepper (C. annuum) line PM687 (U.S. Plant Introduction 322719) and the F 1 hybrid PM687 x 'Yolo Wonder' at 32 and 42°C (Djian-Caporalino et al., 1999) . However, plants were subjected to temperatures of 32 °C for 1 week before and 3 weeks following inoculation with 500 M. incognita second-stage juveniles. Then, the plants were maintained at 22 °C for an additional 4-week period to allow completion of one nematode generation. In the present experiment, resistance conferred by the N gene in both homozygous and heterozygous C. annuum genotypes was compromised when plants were grown at 32 °C for 9 weeks following inoculation with 5,000 eggs of M. incognita race 3. Differences in results between the present study of heat stability of expression of the N gene and that of the Me3 gene (DjianCaporalino et al., 1999) may be due to differences in M. incognita isolates, life stages and levels of M. incognita inoculum, C. annuum genetic systems, and/or heat treatment regimes.
Results of the present study indicate that open-pollinated bell pepper lines homozygous at the N locus for the dominant N allele are readily useful as parental lines to develop southern root-knot nematode-resistant F 1 hybrids. Near-isogenic lines exhibited similar levels of resistance at 24, 28, or 32 °C regardless of whether the N gene was in the homozygous (NN) or heterozygous (Nn) condition. 'Charleston Belle' and the heterozygous F 1 hybrids exhibited high resistance at 24 °C and the resistance was partially lost at 28 and 32 °C. However, at 32 °C, the root gall and egg mass severity indices for the three resistant near-isogenic lines were still in the low resistance range, and the number of M. incognita eggs per gram fresh root and reproductive index were 95% and 85% less, respectively, than for 'Keystone Resistant Giant'. Additionally, the level of resistance exhibited at any given temperature by a heterozygous resistant F 1 hybrid was independent of whether the resistant parental line was used as the paternal or maternal parent, and this indicates that cytoplasmic factors are not involved in conditioning N-type resistance. These findings provide plant breeders with two types of information needed to devise efficient and effective procedures for developing southern root-knot nematode resistant F 1 hybrid bell pepper cultivars. First, they will need to convert only one of the parental lines to the NN genotype to produce an F 1 hybrid with fully functional N-type resistance. Second, the homozygous resistant parental line (NN) can be used to equal advantage as either a paternal parent or a maternal parent.
